A one-electron Schrödinger equation based on special one-electron potentials for atoms is shown to exist that produces orbitals for an arbitrary molecule that are sufficiently accurate to be used without modification to construct single-and multi-determinant wavefunctions. The exact Hamiltonian is used to calculate the energy variationally and to generate configuration interaction expansions. Earlier work on equilibrium geometries is extended to larger basis sets and molecular dissociation. For a test set of molecules representing different bonding environments, a single set of invariant atomic potentials gives wavefunctions with energies that deviate from configuration interaction energies based on SCF orbitals by less than 0.04 eV per bond or valence electron pair. On a single diagonalization of the Fock matrix, the corresponding errors are reduced 0.01 eV. Atomization energies are also in good agreement with CI values based on canonical SCF orbitals. Configuration interaction applications to single bond dissociations of water and glycine, and multiple bond dissociations of ethylene and oxygen produce dissociation energy curves in close agreement with CI calculations based on canonical SCF orbitals for the entire range of internuclear distances.
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I. Introduction
A new method of constructing many-electron wavefunctions for molecules and extended systems was recently proposed and applied to a set of molecules in ground state equilibrium geometries. 1, 2 A one-electron Schrödinger equation based on special one-electron potentials for atoms is shown to exist that produces orbitals for an arbitrary molecule that are sufficiently accurate to be used without modification to construct single-and multi-determinant wavefunctions. The exact Hamiltonian is used to calculate the energy variationally and to generate configuration interaction expansions.
The most interesting conclusion of the earlier work is the existence of a single potential associated with a given atom that works equally well in different bonding environments such as in single and multiple bonded systems and for bonds between atoms of different electronegativity. For example, the carbon potential is the same in methane, benzene, graphene and chlorophyll, and in other molecules. The purpose of the present work is to assess the accuracy of the molecular orbitals produced by these one-electron potentials for extended basis sets and to determine if the orbitals provide a suitably accurate basis that can be used directly in a many-electron method such as configuration interaction (CI). Doing so would eliminate the need for self-consistent-field (SCF) calculations prior to CI. If, however, one wishes to obtain a single-determinant SCF solution, the method provides an excellent initial field. There are many other ways to generate initial fields for SCF calculations and Lehtola has thoroughly analyzed various methods that have been proposed. 3 See also recent work on constructing initial fields 4 , and earlier methods for constructing wavefunctions [5] [6] [7] [8] [9] [10] [11] [12] [13] It now evident that the special one-electron potentials, called Vqc potentials in the earlier work, 1, 2 have a more fundamental significance than originally envisioned. The potentials are a property of the atom and remain invariant in different molecules and in different bonding environments. Thus, the potentials plus antisymmetry determine how electrons fill into spatial regions around and between nuclei in a system. Energies for a set of molecules representing different bonding environments are calculated using single determinant and multi-reference CI wavefunctions.
Some of the molecules are small enough to be treated easily by coupled cluster expansions methods 3 and it would be worthwhile to investigate the convergence of CC expansions using Vqc molecular orbitals. The present work is limited to the use of multi-reference CI expansions. If the test applications are sufficiently accurate, as is found to be the case, new ways to approach extremely large systems and embedding formulations become possible. Orbitals of a system are now known in advance from the one-electron calculation and this in turn enables density and exchange fields and orthogonality for constrained portions of a system to be rigorously expressed. As noted in the Conclusions section, new computational strategies can be developed. In this paper we assess the accuracy of the method for larger basis sets and non-equilibrium geometries of molecules and discuss other implications.
Atomic potentials are optimized by considering a small set of molecules representing different bonding environments. Potentials derived from the superposition of 2 to 4 gaussian densities have been reported for H, C, N, O, and F, and oxides of Si, Ti, Fe, and Ni. 1,2 Details of the optimization procedure and the choice of reference molecules are described in the Appendix. An assertion that the orbitals are accurate and the potentials are simple and invariant in different systems would appear at first to be extremely unlikely given the complexity of the Fock operator in selfconsistent-field calculations. However, it is now evident that there is a similarity in how atoms bond in systems even when single or multiple bonds are formed. This can be discovered by starting with a single-determinant wavefunction for a given basis and localizing the molecular orbitals about individual nuclei in the system. The resulting localized orbitals are similar, to within a unitary transformation, and correspond to in situ 1s, 2s, 2p … atomic orbitals mixed with functions from nearest neighbor and more distant atoms. The primary requirement of an orbital generating potential is to describe the mixing of basis functions to produce these localized orbitals.
The earlier papers addressed the determination of the potentials and the accuracy of single-and multi-determinant wavefunctions for a variety of systems. A few excited electronic states were also examined. Most of the previous studies involved a double-zeta basis and there remain important questions of whether the accuracy is maintained when extended basis sets are considered or when molecules are in non-equilibrium geometries or undergoing dissociation. The purpose of the present work is to address these questions. It is encouraging that the accuracy found for equilibrium geometries and simpler basis sets is found to be maintained.
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II. Theory
Consider a molecule or other system described by the Schrödinger equation
with N electrons and nuclei designated by i and q, respectively, and associate with the system a modified Hamiltonian, H 0 , that contains a one-particle potential for each nucleus, One way to introduce one-electron potentials is to make use of rigorous bounds such as
for arbitrary (1, 2)  , or similar bounds containing one-electron potentials, 5 and apply the bounds to terms in || exact H   . Such bounds on the total energy are unlikely to be accurate enough to be useful in complex systems, but the wavefunction obtained by minimizing the bound may be a useful starting point for variational calculations using the exact H.
Another way to proceed is to construct potentials that produce wavefunctions that closely match a variationally determined solution. This is the approach used in the present work. We start with one of the simplest definitions of a potential, one derived from densities centered at nuclei expanded as a linear combination of normalized spherical Gaussian functions, The result of the optimization is a set of atomic parameters reported in Table 1 . The resulting potentials, including the nuclear attraction, are plotted in in Figure 1 . Potentials are smoothly antisymmetric wavefunction is then constructed as a single-determinant or a multi-determinant expansion. 15, 16 All subsequent calculations use the exact Hamiltonian, explicitly including all 7 electron repulsion interactions. The details of the CI procedure are described in the Appendix.
Typically, for the larger molecules, ~10 5 configurations occur in the final CI expansion which can contain single through quadruple excitations from an initial representation of the state.
Perturbation theory is used to estimate the contribution from configurations not explicitly included. [15] [16] [17] Of course, in the limit of a complete CI expansion, any linear transformation of the basis would give the same result, but for the larger systems, the present expansions are far from this limit.
Accuracy for equilibrium geometries and triple-zeta basis sets
We first address the accuracy for extended basis sets and then consider molecular dissociation of several single and multiple bonded systems. Single-and multi-determinant results for orbitals from the atomic potentials, reported in Table 2 , demonstrate that the accuracy previously reported for smaller basis sets is maintained for the triple-seta basis and for even more extended basis sets used for ethylene, pyrazine, and the π-system of chlorophyll. The errors in total energy are equivalent to a maximum error of 0.04 eV per bond or valence electron pair for the multi-determinant expansions. Most errors are much smaller and the maximum occurs for large systems where it was not possible to include all orbitals in the CI.
Also included in the table are results from a single diagonalization of the Fock matrix constructed from the orbitals predicted by the Vqc potentials, denoted Vqc-diag, a calculation equivalent one SCF iteration using the Vqc orbital field. 18, 19 The single-determinant description is found to be greatly improved in all systems investigated and this usually leads to a lower CI total energy. The maximum error in Table 2 . for the improved treatment is reduced to 0.01 eV per bond or valence electron pair. Thus, the diagonalization is very effective for those cases in which not all molecular orbitals are included in the CI.
Another useful comparison would be to compute the energies required to decompose molecules fully into constituent atoms. Calculated atomization energies at the CI level, () Table   2 . The agreement of calculations based on Vqc orbitals and Vqc+diag orbitals with the atomization energy obtained from CI calculations using canonical SCF orbitals is found to be quite good in all cases and exceptionally good for the Vqc+diag procedure.
Molecular Dissociation
Since the one-electron Vqc potentials were obtained by considering molecules in their equilibrium geometries, it is important to understand if the accuracy is maintained for non-equilibrium geometries. A sensitive test is the dissociation of molecules. To probe the question, the following dissociations are considered: Potential energy curves are calculated at the CI level for a double zeta basis, using the same Vqc potential for all internuclear distances and results are compared with canonical SCF-CI calculations using the same basis.
The Vqc calculations are at the simplest level where the molecular orbitals predicted by the Vqc potentials are used directly in the CI, i.e., with no intervening Fock matrix diagonalization. The exact H is used to evaluate integrals over molecular orbitals and matrix elements; thus, the energy is variational at each distance. Potential curves are depicted in Figure 1 . In each graph, the solid line is a cubic spline fit to the canonical SCF-CI energies and the superimposed symbols (+) are energies obtained using Vqc molecular orbitals. The agreement is excellent over the entire range of distances. For glycine, an additional CI calculation based on Vqc-diag orbitals shows slightly better bonding because the Vqc virtual orbitals are better suited for correlation than those of the canonical SCF solution.
Fig. 2. Dissociation of single and multiply bonded molecules.
The black crosses denote the energies obtained from CI calculations using Vqc predicted molecular orbitals. The solid line is a cubic spline fit to the canonical SCF-CI energies. For glycine, the red symbol is for a CI calculation based on Vqc-diag orbitals. The energy is lower for each system using the basis from the Vqc energy minimization. However, if shorter range (larger exponent) basis function components are also varied, the energies do not improve. This is a further indication of the point made earlier about short distances where the Vqc potentials, in Figure 1 , are changing rapidly and may be insufficiently accurate to allow basis optimization using the one-electron equation.
Conclusions
This work establishes the existence of a special one-electron potential associated with a given atom that can be used to predict accurate molecular orbitals for a molecule. Earlier work examined double zeta basis sets and the present work shows that the accuracy is maintained for triple-zeta and larger basis sets. It is also shown that potential energy curves for several single-and multiple-bond dissociations are accurately described using the same oneelectron potentials that were developed for equilibrium geometries.
In summary, the existence of invariant potentials suggests a similarity in how atoms bond in systems even when single or multiple bonds are formed. This can also be discovered by starting with a single-determinant wavefunction for a given basis and localizing the molecular orbitals about individual nuclei in a system. The resulting localized orbitals are similar, to within a unitary transformation, and correspond to in situ 1s, 2s, 2p … atomic orbitals mixed with functions from nearest neighbor and more distant atoms. The primary requirement of an orbital generating potential is to describe the mixing of basis functions to produce these localized orbitals. It is not surprising that simple spherical potentials contain sufficient flexibility to provide a good solution for atoms, but it is surprising that the mixing of basis functions on different nuclei is also well described by the same potentials and that different molecules can be reasonably well described by invariant potentials. We emphasize that only the wavefunction is predicted and the exact Hamiltonian, including electron repulsion, is required to determine the energy of single-and multideterminant wavefunctions variationally.
If predicted orbitals are accurate enough to be used directly in correlated wavefunction constructions such as configuration interaction and if the atomic potentials are invariant there is an opportunity for constructing many-electron wavefunctions in a simple, but powerful way.
Specifically:
1) States can be formulated precisely as eigenfunctions of spin, and ground and excited states and molecular dissociation treated correctly.
2) The self-consistent-field step and associated convergence problems are eliminated.
3) Orbitals are more efficient for CI expansions than virtual orbitals of a canonical SCF solution.
15 4) Small defects in molecular orbitals can be accounted for by single excitations in the configuration interaction expansion, or, if a better single determinant wavefunction is desirable, a single Fock matrix diagonalization can be performed.
5) If molecular orbitals predicted by the one-electron equation can be used directly in a configuration interaction expansion, it is unnecessary to save integrals over basis functions.
Since molecular orbitals are known in advance from the one-electron solution, when the exact Hamiltonian is introduced, electron repulsion integrals over molecular orbitals can be calculated at the point integrals over basis functions are calculated.
Appendix
Optimization of densities
To construct average potentials designed to be transferable, we have found it better to consider molecules with complex bonding environments, rather than atoms or simple molecules, so that Simplex procedure:
1) Initial exponents and coefficients are specified as parameters for the constituent atomic densities (e.g., for benzene, exponents and coefficients for C and H densities). Suppose the parameter values are
2) The resulting one-electron eigenvalue problem is solved to determine energies and coefficients of basis functions in molecular orbitals, . The lowest energy N spin orbitals are occupied.
3) A single determinant wavefunction is constructed from the predicted orbitals and its energy is evaluated using the exact Hamiltonian, a step that requires all electron repulsion integrals. contains an additional p-orbital in the π-system. No core potentials were used in the present calculations so that the predictive capability of the method could be fully tested.
Configuration interaction
All calculations are carried out for the full electrostatic Hamiltonian of the system [15] [16] [17] In all of the applications, the entire set of SCF orbitals is used to define the CI active space. 
